Although studies have suggested a role for angiogenesis in determining heart size during conditions demanding enhanced cardiac performance, the role of EC mass in determining the normal organ size is poorly understood. To explore the relationship between cardiac vasculature and normal heart size, we generated a transgenic mouse with a regulatable expression of the secreted angiogenic growth factor PR39 in cardiomyocytes. A significant change in adult mouse EC mass was apparent by 3 weeks following PR39 induction. Heart weight; cardiomyocyte size; vascular density normalization; upregulation of hypertrophy markers including atrial natriuretic factor, b-MHC, and GATA4; and activation of the Akt and MAP kinase pathways were observed at 6 weeks post-induction. Treatment of PR39-induced mice with the eNOS inhibitor l-NAME in the last 3 weeks of a 6-week stimulation period resulted in a significant suppression of heart growth and a reduction in hypertrophic marker expression. Injection of PR39 or another angiogenic growth factor, VEGF-B, into murine hearts during myocardial infarction led to induction of myocardial hypertrophy and restoration of myocardial function. Thus stimulation of vascular growth in normal adult mouse hearts leads to an increase in cardiac mass.
Introduction
Factors determining organ size in an adult organism are poorly understood. Several lines of evidence suggest that angiogenesis is required for organ enlargement for tissue repair or in response to a physiological stimulus (1) (2) (3) . However, little is known about the effect of vascular mass on the normal organ size.
Myocardial size and function in adult hearts remain stable in the absence of external stimuli that demand enhanced cardiac performance, such as increased afterload or a partial loss of tissue due to infarction or other injury. When such circumstances arise, the heart meets increased hemodynamic demand by undergoing chamber enlargement and myocyte hypertrophy (4, 5) . The adaptation fails at high loads, secondary to the development of tissue ischemia due to a mismatch between myocardial oxygen supply and demand, as such myocardial enlargement is typically not accompanied by a corresponding adequate increase in the arterial blood supply (6, 7) . Enhancement of angiogenesis in the failing heart is reported to improve myocardial function (8) .
In order to address the question of whether an increase in the cardiac vasculature in the absence of other stimuli can drive myocardial hypertrophy, we used an inducible mouse transgenic model that allows activation and deactivation of expression of the secreted angiogenic factor PR39 in cardiomyocytes. Previous studies in PR39 transgenic mice demonstrated marked induction of angiogenesis by this growth factor (9) . To set up a regulatable myocardial PR39 expression, PR39 gene was placed under control of a tetracycline-responsive element (TRE) promoter sensitive to tetracycline transactivator (tTA) regulated by α-MHC promoter.
Using this model, we showed that an increase in the endothelial cell mass in the normal heart in the absence of hemodynamic load leads, several weeks later, to induction of myocardial hypertrophy and that this process stops when capillary density of the myocardial tissue returns to baseline levels. Stimulation of angiogenesis with PR39 or VEGF-B at the time of myocardial infarction (MI) similarly induced angiogenesis and hypertrophy, improving myocardial function. What we believe to be a novel mechanism of endothelium-driven myocardial hypertrophy may be a fundamental factor in regulating heart size and may provide new avenues of research for therapeutic strategies designed to improve cardiac function.
Results

Inducible PR39 expression in vitro and in vivo.
To verify effectiveness of the "tet-off " promoter system in driving PR39 expression, the TRE-PR39/LacZ bidirectional construct was expressed in MEF/3T3 cells stably expressing the LTR-tTA transgene. Withdrawal of doxycycline led to a marked increase in β-galactosidase expression that was comparable to that achieved by CMV promoter-driven expression and was completely suppressible by reintroduction of doxycycline ( Figure 1A ). The TRE-PR39/ LacZ bidirectional construct was then transgenically expressed in C57BL/6 mice. PCR analysis of PR39/LacZ expression in the hearts of 7-week-old mice confirmed that PR39 mRNA expression was activated by doxycycline withdrawal and was fully deac-tivated by its reintroduction ( Figure 1B) , and X-gal staining of the entire heart demonstrated the homogenous nature of transgene expression ( Figure 1C) .
Angiogenesis induction in the adult mouse heart. To explore the effect of angiogenic stimulation in the adult heart on its vasculature, size, and function, PR39 expression was activated in the hearts of 5-week-old mice. In agreement with previous studies (9) , this was associated with an increase in HIF-1α and iNOS expression (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32024DS1). Three weeks later, there was a significant increase in the cardiac endothelial cell mass as determined by in vivo perfusion with an I 125 -labeled anti-PECAM antibody ( Figure 1D) , with an increase in the capillary count ( Figure 1E ) and amount of vasculature per gram of tissue ( Figure 1F ).
At the same time, there was no increase in the heart weight or the heart weight/body weight ratio (Figure 1 , C, G, and H).
After 6 weeks of continued stimulation of PR39 expression, the increase in the endothelial cell mass was unchanged (Figure 1 , D and E) but there was a large increase in the heart size and weight and the heart weight/body weight ratio (Figure 1 , C, G, and H). Interestingly, quantification of endothelial cell mass showed that the vascular density per gram of myocardial tissue had returned to values seen in control mice ( Figure 1F ). The increases in the heart weight and heart weight/body weight ratio were maintained 3 weeks after discontinuation of PR39 stimulation ( Figure 1 , G and H), suggesting that size changes were permanent.
Induction of myocardial hypertrophy. Morphologic examinations of the heart after 6 weeks of PR39 stimulation demonstrated (C) Hearts of controls and tTA + /PR39 + mice after 3 weeks (top row) and 6 weeks of PR39 induction (middle and bottom rows). Note an increase in the heart size and LV chamber after 6 weeks ON and the extensive expression of the transgene as demonstrated by X-Gal staining (right column). Lower right panel: X-gal-stained LV cross-section. Scale bar: 2 mm; 1 mm (inset). (D and E) Total cardiac endothelial cell mass determined by in vivo anti-PECAM Ab labeling (D) or capillary counting (E). Note a significant increase in endothelial cell mass at week 3 that is maintained at week 6 (n = 5 mice/group). (F) Myocardial endothelial cell mass determined by in vivo anti-PECAM Ab labeling expressed per gram of heart tissue. Note normalization of the endothelial cell mass/g tissue at 6 weeks. (G) Heart weight measurements after 3 and 6 weeks of PR39 induction and 6 weeks ON followed by 3 weeks of suppression (6ON/3OFF), compared with controls. (H) Heart weight/body weight ratio determined after 3 weeks, 6 weeks ON, and 6ON/3OFF. *P < 0.05, **P < 0.01. 3 wk, n = 10 mice/group; 6 wk, n = 16 mice/group; 6ON/3OFF, n = 10 mice/group. increased ventricular wall thickness and an increase in the LV chamber size ( Figure 1C ). There was no noticeable increase in the extent of fibrosis (Figure 2A) , although there was a small but significant increase in apoptosis ( Figure 2 , B and C). Immunocytochemical staining with anti-Ki67 antibody demonstrated increased proliferation of endothelial cells between myocyte bundles, but no proliferation of cardiomyocytes was noted in multiple sections (Figure 2 , D and E).
Examination of enzymatically dispersed cardiomyocytes showed a marked increase in their cross-sectional area proportionate to the overall increase in heart size (45% heart enlargement vs. 30% myocyte area increase) ( Figure 3, A and B) . Taken together, these findings suggest that myocyte enlargement was the principal cause of the increased heart size.
To gain further insight into the nature of the hypertrophy process, we studied expression of myocyte hypertrophy markers. As early as 3 weeks, there was a mild increase in β-MHC expression that was quite prominent by 6 weeks. A marked increase in atrial natriuretic factor (ANF) and skeletal α-actin gene expression was also noted at 6 but not 3 weeks ( Figure 3C) . Similarly, by 6 weeks there was an increase in phosphorylated Akt (1.6-fold), phosphorylated and total Erk1/2 (2-fold), and GATA4 (2-fold) expression in PR39-stimulated hearts ( Figure 3D ). Three weeks following discontinuation of PR39 stimulation, the increased level of expression of hypertrophic markers and activation of Erk1/2 and GATA4 were still maintained ( Figure 3, C and D) .
These findings are consistent with the notion that an increase in the endothelial cell mass preceded an increase in the cardiac size that in turn was largely driven by myocyte hypertrophy. To exclude the possibility that PR39 itself, and not an increase in the endothelial cell mass, was responsible for myocardial hypertrophy, neonatal rat myocytes were transduced in vitro with adenovirus encoding PR39 (Ad-PR39) or treated with PR39 or angiotensin-II peptides. Three days later, there was a significant increase in the cell area of angiotensin-II-but not PR39-treated cardiomyocytes ( Figure 4 , A and D), and there was no activation of the hypertrophy program by PR39 treatment (Figure 4 , B and D). Furthermore, while angiotensin-II treatment stimulated protein synthesis as assessed by 3 H-leucine incorporation, PR39 treatment did not ( Figure 4C ). Taken together, these studies suggest that direct PR39 stimulation is not per se hypertrophic.
Cardiac performance. To determine whether this endothelial-driven myocardial hypertrophy affected cardiac performance, we performed echocardiographic and pressure-volume loop analyses of myocardial function. In agreement with morphologic observations, after 6 weeks of PR39 induction, there was a significant increase in the echo-determined LV posterior wall thickness ( Figure 5A ). At the same time, there was also a significant LV chamber size increase as demonstrated by an increase in LV end-diastolic and -systolic dimensions ( Figure 5 , B and C). Consistent with this picture of myocardial dilatation, there was a reduction in LV anterior and posterior wall fractional shortening ( Figure 5D ). Pressure-volume loop analysis of cardiac performance after 6 weeks of PR39 induction showed a significant decrease in both systolic (reduction in cardiac output, stroke volume, and +dP/dt) and diastolic (increased t and decreased -dP/dt) function (Table 1) . Interestingly, 3 weeks after cessation of PR39 induction, despite morphologic evidence of continued myocardial enlargement, both systolic and diastolic performance were considerably improved compared with 6 weeks of continued PR39 stimulation and even enhanced compared with control animals (Table 1) . eNOS as a hypertrophy modulator. NO may play a role in mediation of hypertrophy because of its effect on degradation of regulators of G-protein signaling (RGS) proteins (10) . Increased production of cGMP in the hearts of mice expressing both α-MHC-tTA and TRE-PR39 transgenes, resulting in tTA-driven myocyte-specific PR39 expression (tTA/PR39 mice) ( Figure 6A ), suggested the possibility that increased NO production due to increased endothelial cell mass may mediate the observed hypertrophy. In order to evaluate this potential effect of endothelial NO production, PR39-induced and control mice were treated with eNOS inhibitor l-NAME in the last 3 weeks of a 6-week stimulation period. l-NAME treatment slightly increased systolic pressure in control mice compared with untreated controls (91.13 ± 5.4 vs. 84.25 ± 2.8 mmHg, n = 5; P = NS) and considerably improved it in PR39-induced mice relative to untreated controls (82.87 ± 1.8 vs. 66.63 ± 14.1 untreated tTA + /PR39 + mice, n = 5; P < 0.01), likely due to an improvement in cardiac performance (see below). l-NAME treatment resulted in a 50% reduction of the increase in heart size caused by PR39 expression ( Figure 6B ) and a reduction in hypertrophic marker gene expression (ANF, β-MHC, and skeletal α-actin) ( Figure 6C ). At the same time, there was no reduction in the capillary density ( Figure 6D) .
Interestingly, the reduction of caveolin-1 (2.5-fold; Figure 6E ) and caveolin-3 (3.5-fold; Figure 6E ) expression in PR39-induced mice was restored following l-NAME treatment to the levels seen in controls. This suggests a possible correlation between caveolin levels and eNOS activity and/or NO release.
Consistent with a reduction in heart size, PR39-induced mice treated with l-NAME demonstrated no enlargement of LV posterior wall thickness ( Figure 6F ) and a significantly reduced increase in the LV end-systolic dimensions ( Figure 6G ). Moreover, l-NAME treatment improved systolic and diastolic performance in PR39-induced mice (Table 1) .
Angiogenesis-driven hypertrophy in the setting of MI. To clarify the effect of angiogenesis-driven hypertrophy on myocardial function in pathological settings, the left anterior descending (LAD) coronary artery in tTA + /PR39 + mice was ligated and PR39 expression induced at the same time. In agreement with our prior results (9, 11), infarct size was reduced when PR39 was expressed in cardiomyocytes ( Figure 7A ), while ejection fraction was increased ( Figure 7B ). Histological examination of the free wall myocardium demonstrated a significant increase in the myocyte area 4 weeks later ( Figure 7, C and D) .
To verify that the angiogenesis-hypertrophy effect is not PR39 specific, C57BL/6 mice were subjected to an intravenous injection of adenovirus encoding human VEGF-B 167 (Ad-hVEGF-B 167 ) a predominantly cardiac-specific angiogenic growth factor (12) . Intravenous injection of Ad-hVEGF-B 167 at the time of LAD ligation resulted in prolonged systemic expression and transient elevation of circulating VEGF-B 167 levels (VEGF-B plasma levels, in ng/ml: 5.7 ± 0.5, 5.5 ± 0.3, 4.8 ± 0.5, and 2.4 ± 0.6 at 3, 7, 14, and 21 days after MI, n = 10; P < 0.05; compared with undetectable levels on each day, following Ad-RR5 injection [control]). Unlike PR39, VEGF-B administration did not reduce the infarct size 28 days after MI, and it was the same in both Ad-hVEGF-B 167 and Ad-RR5 groups ( Figure 7E ). However, similar to PR39 mice, Ad-hVEGF-B 167 -treated mice demonstrated a significant increase in capillary density in the remote myocardial area ( Figure 7F ) and an increase in the capillary/cardiomyocyte ratio ( Figure 7G ). Histological examination of the LV free wall remote from the infarct area demonstrated an increase in cardiomyocyte area, consistent with a hypertrophic effect ( Figure 7 , H and I). Overall, VEGF-B treatment was associated with improved LV function ( Figure 7J) .
Discussion
These results demonstrate that an increase in the organ's endothelial cell mass can drive an increase in its size in the absence of hemodynamic or any other known hypertrophy stimulus. Remarkably, the increase in mass stopped when the vessel density per gram of tissue returned to control levels, suggesting that vessel density might be the crucial parameter regulating heart size. Finally, the increase in the heart size was largely mediated by an increase in myocyte diameter and not by myocyte proliferation.
PR39 is a secreted peptide that rapidly accumulates in the extracellular matrix and is thought to act via HIF-1α-mediated increase in VEGF and stimulation of fibroblast growth factor signaling (9) . The inducible mode of its expression employed in this study allowed us to evaluate a temporal relationship between the onset of angiogenesis and the onset of hypertrophy in the mature heart. The observed increase in the vascular mass that preceded the onset of hypertrophy is in agreement with an earlier study that demonstrated that thyroxin treatment-induced myocardial hypertrophy is preceded by an increase in the capillary and arteriolar length-volume relationship (13) . The observed maintenance of the increased vascular mass after 6 weeks of stimulation followed by 3 weeks of withdrawal is consistent with the observation of Dor et al. that after a sufficient amount of continuous growth factor stimulation (~30 days), newly formed myocardial vasculature becomes permanent (14) .
The molecular signature of the observed hypertrophic response appears very similar to that of pressure-induced hypertrophy rather than a physiologic hypertrophic response. However, the effect of the observed changes on cardiac function was complex. Continued stimulation with PR39 for 6 weeks resulted in decreased systolic and diastolic performance. Cessation of PR39 expression led to a rapid recovery of cardiac function that improved to supraphysiologic levels. It is interesting to compare these observations with cardiac function changes seen in the case of continuous transgenic Akt-1 expression, in which short-term stimulation results in supraphysiologic performance, while long-term stimulation leads to pronounced heart failure (7).
One potential mechanism that might explain both the hypertrophic response to increased endothelial cell mass and changes in cardiac function is the endothelium-dependent production of NO. Associated with NO production, alterations in caveolin-1 abundance change vessels' ability to relax. Accordingly, increase in caveolin-1 expression has been associated with hypertension and its absence with vasodilatation due to eNOS hyperactivation (15, 16) . Moreover, the loss of caveolin-3 expression activates p42/44 MAPK cascade and induces cardiac hypertrophy (17) . Recently it was suggested that NO controls the levels of RGS (10). In particular, RGS4 is thought to be involved in hypertrophic response as a negative modulator of Gq-protein signaling. Low NO levels favor RGS4 stabilization by preventing ubiquitination and proteasome-mediated degradation and thereby reducing Gq signaling. The increased endothelial cell mass would lead to increased NO production that would in turn lead to increased RGS4 degradation and derepression of the hypertrophic program. Our results are consistent with this hypothesis, as l-NAME treatment in a dose known to inhibit eNOS signaling reduced myocardial hypertrophy. Most interestingly, despite the fact that l-NAME treatment reduced the extent of myocardial hypertrophy, it had no effect on the increase in endothelial cell mass and capillary density. This "uncoupling" of the endothelial mass from the hypertrophic effect by l-NAME further points to NO as the molecule responsible for angiogenesis-induced hypertrophy. At the same time, the excessive production of NO at the peak of PR39 stimulation could explain the observed decrease in cardiac performance, given the ability of NO to reduce myocardial function and the ability of l-NAME to restore it (16, 18, 19 ). The hypothesis that increased endothelial cell mass induces NO production that in turn leads to myocardial hypertrophy (Figure 8 ) is further supported by our observations that direct exposure of cardiomyocytes to PR39 does not result in activation of a hypertrophic program or in an increase in protein synthesis that would be expected in a hypertrophic response. To further explore the functional significance of PR39-induced, angiogenesis-driven hypertrophy, we employed an acute MI model. We previously demonstrated that PR39 expression in the heart results in decreased infarct size, likely owing to increased vascular density of the myocardium (9) , and that acute administration of PR39 reduces MI size, likely due to its ability to block IκBα degradation (11) . Further examination of the model in this study demonstrated improved myocardial function in PR39 mice consistent with reduced infarct size. However, despite this improvement in cardiac performance, and hence, reduced LV size and wall stress, we observed a significant increase in the size of myocytes in the unaffected free wall of the LV, consistent with a hypertrophic effect of PR39 expression.
To confirm that this effect of angiogenesis-driven hypertrophy is not PR39 specific, we employed VEGF-B, a growth factor with a known ability to induce cardiac angiogenesis. Intravenous administration of Ad-hVEGF-B 167 in the setting of acute MI resulted in increased angiogenesis in the unaffected free wall of the LV and improved cardiac performance, mimicking the effect of PR39. Furthermore, similar to PR39 mice, Ad-hVEGF-B 167 -treated mice also demonstrated increased myocyte size in the LV free wall. The ability of VEGF-B, an angiogenic growth factor completely unrelated to PR39, to induce myocardial hypertrophy further argues in support of the link between angiogenesis and hypertrophy.
The relationship between angiogenesis and hypertrophy has attracted considerable recent attention. In general, angiogenesis has been considered necessary to support ongoing hypertrophy induced by a hemodynamic stimulus such as pressure overload. Inhibition of angiogenic response has been demonstrated to lead to a rapid progression from compensated hypertrophy to heart failure (7, (20) (21) (22) . In this study, we demonstrate that angiogenesis can induce myocardial hypertrophy even in the absence of a hemodynamic stimulus. This points out a complex role played by the heart's (and likely other organs') endothelium that involves not only participation in a stress response but also regulation of the organ's size. Interestingly, the increase in heart size observed in this study ceased once the vascular density returned to normal levels.
The concept of endothelial cell mass-driven regulation of organ size was suggested by Judah Folkman in the context of pro-and antiangiogenic treatment following organ injury (2) . However, the ability of increased vascular mass to affect the size and function of a normal organ has not to our knowledge been previously demonstrated. This study demonstrates that an increase in the size of the vascular bed in the normal heart leads to increased cardiac mass and myocardial hypertrophy paralleled by increased cardiac performance.
Methods
Generation of heart-specific inducible transgenic model (tTA + /PR39 + )
PR39 cDNA (GenBank no. NM_214450) was subcloned in bidirectional pBI-G Tet Vector (Clontech) sensitive to tTA. Flanked by 2 minimal CMV promoters, TRE controls LacZ as reporter gene and PR39 gene. In cell culture, inducible TRE-PR39/LacZ vector was expressed in Tet-Off MEF/3T3 cell line (Clontech) in the absence of doxycycline, and β-galactosidase activity was monitored by
Figure 5
Echocardiographic analysis of myocardial function in tTA + /PR39 + mice.
Echocardiographic analysis of LV function after 3 weeks or 6 weeks of PR39 induction or 6 weeks ON/3 weeks OFF (6PN/3OFF). (A) Posterior wall thickness in diastole (PWTD). (B) LV end-diastolic dimension (LVEDD). (C) LV end-systolic dimension (LVESD). (D) Fraction shortening (FS)
. Note the myocardial dilatation after 6 weeks' induction in tTA + /PR39 + mice maintained after PR39 gene suppression (6ON/3OFF mice). 3 wk, n = 10 mice/group; 6 wk, n = 15 mice/group; 6ON/3OFF, n = 7 mice/group. *P < 0.05; **P < 0.001. a standard enzyme assay (Promega). As reference control, a non-inducible reporter β-galactosidase vector (pCMVβ) was used. The TRE-PR39/LacZ construct was microinjected into fertilized mouse eggs. Founders were identified by PCR analysis, using specific primers for PR39: forward primer, 5′-CCCATC-CATTCACTCACTGGA-3′; reverse primer, 5′-AAACCTCCCACACCTCCCC-3′. Transgenic mouse tTA/PR39 was obtained by crossing heart-specific driver line (α-MHC-tTA) (23) and responder line (TRE-PR39/LacZ). Double transgenic mice were genotyped by PCR with primers specific for tTA and PR39. Littermates inheriting only 1 transgene were used as controls. Transgene expression of PR39/LacZ was repressed by doxycycline in diet (200 mg/kg food) and induced on normal diet. Control mice were treated similarly. All animal experiments were approved by the Institutional Animal Care and Use Committees of Dartmouth College and University of Leuven.
Transgene expression in mouse model PR39 transcript. The PR39 transcript was identified by RT-PCR analysis carried out using the PR39-specific primers shown above. GAPDH amplification was used as control (forward primer, 5′-CGTATTGGGCGCCTGGTCACCAGGGC-3′; reverse primer, 5′-GGCCATGAGGTCCACCACCCTGTTGC-3′).
β-Galactosidase activity. β-Galactosidase activity in freshly harvested hearts or frozen sections was detected by staining with X-Gal solution [0.2% X-Gal, 2 mM MgCl2, 5 mM K4Fe(CN)6•3H2O, 5 mM K3Fe(CN)6] (Promega). Frozen sections stained with X-Gal solutions were counterstained with eosin.
PECAM measurements
Anti-PECAM Ab (Pharmingen) labeled with 125 I (PerkinElmer Life Sciences) and mixed with nonspecific isotype control antibody labeled with 131 I was injected through a jugular vein catheter and allowed to circulate (24) . After washing with bicarbonate-buffered saline, hearts were collected and weighed, and the radioactivity was counted on the γ-counter and reported per 1 g tissue.
Histological assessments
Serial 5-μm heart sections (fixed in 4% paraformaldehyde and embedded in paraffin) were stained with H&E for overall morphology assessment,
Figure 6
Cardiac hypertrophy reduction after l-NAME treatment. (A) Cycle GMP production in tTA + /PR39 + and control mouse hearts after 6 weeks of PR39 induction (n = 4 mice/group). (B) Heart weight measurements after 6 weeks of PR39 induction with and without l-NAME treatment (0.5 g/l tap water). l-NAME was given during the last 3 weeks of a 6-week induction period. Note reduction of the increase in heart size caused by PR39 induction (untreated, n = 16 mice/group; l-NAME treated, n = 12 mice/group). (C) RT-PCR analysis of hypertrophy marker expressions in l-NAME-treated versus untreated mice. GAPDH expression used as control. Representative data are shown. Note reduced expression of hypertrophic markers in l-NAME-treated mice. (D) Capillary mass of l-NAME-treated versus untreated mice. (E) Western blot analysis of expression of caveolin-1 (normalized to VE-cadherin) and caveolin-3 (normalized to skeletal α-actinin) after 6 weeks of PR39 induction in the absence or presence of l-NAME (n = 3 mice/group). Note caveolin-1 and -3 expression restoration by l-NAME treatment. (F and G) Effect of l-NAME treatment on LV function. Echocardiographic assessment of posterior wall thickness in diastole in F and LV end-systolic dimension in G. Untreated, n = 15 mice/group; l-NAME treated, n = 6 mice/group. **P < 0.001; *P < 0.05.
Masson's trichrome for detection of fibrosis, and biotinylated isolectin B4 (Vector Laboratories) for capillary counting. Capillary density was quantified on serial 2,500 μm 2 /5 μm sections. Frozen sections (embedded in OCT compound) were used for detection and quantification of apoptosis based on TUNEL technology (Roche Diagnostics). Proliferating nuclei were labeled with Ki67 Ab (Dako), and nuclear staining was done using DAPI (Invitrogen).
Cyclic GMP assay
Quantification of cGMP directly from heart tissue homogenates were performed by a competitive EIA assay (Cayman Chemical). Frozen tissues were homogenized in ice-cold 6% TCA in the presence of 300 μM PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX). After centrifugation, TCA was extracted by washing supernatants with water-saturated diethyl ether. The remaining aqueous extract was dried under nitrogen. Cyclic GMP was determined in acetylated samples and normalized to tissue weight.
Cardiomyocyte isolation and culture experiments
Adult mouse cardiomyocyte isolation. Adult mouse cardiomyocyte isolation was performed using the Langendorff apparatus (Cellutron Life Technologies). After digestion, isolated cardiomyocytes were plated on laminin. Three hours later, cell size was measured in captured images with a Nikon inverted microscope, using ImageJ software.
Neonatal rat cardiomyocytes. Neonatal rat cardiomyocytes were isolated from hearts of 3-day-old Harlan Sprague-Dawley rats using the Neonatal Cardiomyocyte Isolation System (Worthington Biochemical Corp.). To selectively enrich for myocytes, dissociated cells were preplated for 1 hour. The resulting suspension of cardiomyocytes was plated (density, 125,000 cells/cm 2 ) on fibronectin and cultured for 24 hours in DMEM supplemented with 10% FBS and 100 μM BrdU. All experiments were done in the serum-free conditions 24 hours after changing to the serumfree medium (DMEM supplemented with 1 mg/ml BSA, 10 μg/ml transferrin, and 10 μg/ml insulin).
Adenoviral transduction. Myocytes were exposed overnight to Ad-PR39 or Ad-GFP at 100 MOI in serum-free medium. The medium was then replaced with fresh serum-free medium, and cells were used for the experiments described below. Under these conditions, approximately 90% of cells were infected based upon GFP expression as determined by fluorescence microscopy for Ad-GFP-treated cells (data not shown).
PR39 and angiotensin II peptide treatment. Freshly isolated cardiomyocytes were incubated with synthetic peptide PR39 (1 μM) (Polypeptide Laboratories) or human synthetic angiotensin II (1 μM) (Sigma-Aldrich) in serum-free medium.
3 H-leucine incorporation. Ad-PR39-transduced or PR39-or angiotensin IItreated serum-starved (36 hours) cardiomyocytes were exposed to 2 μCi/ml 3 H-leucine (PerkinElmer Life Sciences) 12 hours before harvest. The total radioactivity of 3 H-leucine incorporated into protein was determined in TCA-precipitated protein solubilized in 0.5M NaOH, 0.1% Triton X-100. 3 H-Leucine incorporation was reported relative to total protein as determined by BCA assay (Pierce Biotechnology).
Cell size measurements in culture. After 72 hours, cardiomyocytes cultured in serum-free medium, transduced with Ad-PR39, or treated with PR39 or angiotensin II cells were fixed in 4% PFA and permeabilized with 2% PFA, 0.1% Triton X-100, 0.1% NP-40. Morphological and morphometric analyses were carried out by immunostaining with anti α-actinin sarcomeric Ab 1/50 (Sigma-Aldrich) and visualizing with an Olympus IX-71 microscope. Myocyte area was measured in captured images using ImageJ software.
Hypertrophic markers
Analysis of ANF, β-MHC, and skeletal α-actin gene expression was performed by RT-PCR. Total RNA was isolated from LV with Tri Reagent (Molecular Research Center Inc.) and reverse-transcribed with ThermoScript RT-PCR System (Invitrogen). PCR reaction was carried out using specific primers (courtesy of C. Patterson, University of North Carolina, Chapel Hill, North Carolina, USA). GAPDH expression was used as control.
Western blots
Immunoblotting. Proteins and LV tissue homogenates were extracted in RIPA lysis buffer supplemented with protease inhibitor cocktail (Roche). The lysates were clarified by ultracentrifugation (12,000 g, 15 minutes at 4°C), and 50 μg protein extract, determined by BCA assay, was subjected to SDS-PAGE. Following transfer to Immobilon membranes (Millipore), the membranes were blocked with 5% nonfat dried milk in TBS, pH 7.4, containing 0.1% Tween-20, and immunoblotted with anti-phospho-Akt (Ser473) (Cell Signaling), anti-Akt (Cell Signaling), anti-phosho-p44/42 MAPK (Erk1/2; Cell Signaling), anti-p44/42 MAPK (Erk1/2; Cell Signaling), anti-GATA4 antibody (Santa Cruz Biotechnology Inc.), anti-VE-cadherin (Santa Cruz Biotechnology Inc.), anti-caveolin-1 (BD -Pharmingen), anti-caveolin-3 (BD -Transduction Laboratories), anti-α-actinin sarcomeric (Sigma-Aldrich), anti-GAPDH (Research Diagnostics Inc.), anti-HIF-1α (Novus Biologicals), anti-endothelial NOS3, and inducible NOS2 (Santa Cruz Biotechnology Inc.). Immunoreactive bands were visualized using the horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence substrate (Pierce Biotechnology).
MI model
tTA + /PR39 + mice. Control and tTA + /PR39 + mice (3-4 months old) were anesthetized and intubated. Using aseptic technique, the chest was opened between the third and fourth ribs to expose the heart. A 8-0 prolene suture was then used to ligate the LAD coronary artery. EKG S-T segment monitoring and visual observation of blanching were used to confirm a complete ligation. The chest was then closed and mice were recovered. At the time of LAD ligation, doxycycline food was replaced with regular food to activate the PR39 gene expression. 28 days later mice underwent echocardiography followed by pressure-volume loop study of cardiac function.
Ad-hVEGF-B167 treatment. C57BL/6 mice (3-4 months old) underwent induction of MI by ligation of LAD coronary artery as described above. Sham operation included all procedures except ligation of the LAD. Immediately after LAD ligation, 3 × 10 9 pfu Ad-hVEGF-B167 or control adenovirus Ad-RR5 expressing no transgene was intravenously injected into the tail vein. VEGF-B plasma level was measured using ELISA (R&D Systems). Adenoviruses were constructed by cloning the human VEGF-B167 cDNA into the pACCMVpLpA plasmid, as previously described (25) .
Histology in remote myocardium. At 28 days after MI, hearts were harvested for histological analysis as previously described (25, 26) . Briefly, mice were anesthetized and perfused via the abdominal aorta with a saline solution followed by 1% phosphate-buffered paraformaldehyde, and fixed hearts were cryoembedded or embedded in paraffin. Serial sections were immunostained with the rat anti-CD31 Ab (Becton Dickinson) for vessel counting, anti-laminin Ab (Sigma-Aldrich) for myocyte area measurements, and double stained with CD31 and laminin for capillary/cardiomyocyte ratio analysis. Morphometric analyses were performed using KS300 image analysis and ImageJ software.
Echocardiography and hemodynamic measurements
Echocardiography. Mice were sedated with a mixture of ketamine/acepromazine (1.8 mg/0.04 mg per mouse). Echo images were acquired in M-mode standard procedure.
Cardiac pressure-volume loop analysis. A 1.4-F pressure-volume catheter was introduced into the LV via the right carotid artery to determine pressurevolume loop variables. Animals were ventilated and anesthetized with 2% isoflurane, and body temperature was maintained by standard methods.
Figure 8
Angiogenesis-induced hypertrophy. A proposed sequence of events resulting in hypertrophy induction. Increased angiogenic growth factor presence in the tissue stimulates endothelial cell proliferation (step 1), which in turn leads to increased vascular density (step 2) and higher baseline NO production (step 3). NO induction of cellular hypertrophy (step 4) results in eventual normalization of vascular density and reduction in angiogenic growth factor concentration (step 5), terminating the process.
Baseline parameters were recorded 30 minutes after stabilization. Parallel conductance was assessed with hypertonic saline. Raw data were imported in PVAN 3.2 (Millar) for the assessment of cardiac performance parameters and parallel conductance.
Statistics
Data are presented as mean ± SEM. Differences between groups were considered statistically significant if P < 0.05 as determined by a Student t test, two-tailed distribution. Differences in hemodynamic parameters resolved by echocardiography and pressure-volume loops were considered significant at P < 0.05 by ANOVA Dunnett's test and mixed-mode analyses (20-30 loops/mouse, 5 mice/group).
